Defects in the crystal structure play a crucial role in deformation of crystalline materials. Di usion creep, which i n volves the motion of vacancies, is expected to dominate at low stress. Dislocation glide, the motion of linear defects, occurs at higher stresses. Defects are almost always present i n t h e crystal structure, either because they lower the free energy of the crystal, or they are grown into the material or induced by strain. Deformation of polycrystalline materials, such a s r o c k and ice, by dislocation glide gives rise to a non-random orientation distribution of the constituent crystals Ribe and Yu, 1991 due to intra-crystalline deformation. Ice I h crystals deform mainly by dislocation glide on the basal plane, other systems being at least 60 times harder. Deformation of a polycrystalline materials by di usion does not lead to preferred orientation of crystals, and neither does grain boundary sliding Goldsby and Kohlstedt, 1997 , although the evidence is still rather sparse.
INTRODUCTION
The origin and development of anisotropy h a ve been the subject of intense investigations in Earth science ever since Hess in 1964 and Francis in 1969 pointed out that deformation during convection ow w as the cause of lattice preferred orientation LPO, fabric of olivine and of seismic anisotropy near ocean ridges Chastel et al., 1993 . Evidence for anisotropy of the upper mantle comes from numerous direct measurements of ophiolite and xenolith samples Ribe and Yu, 1991 and also from seismology, where shear wave splitting gives the strongest evidence Savage, 1999 . Analysis of seismological data has revealed an azimuthal anisotropy o f P and S-wave v elocities and a polarization anisotropy o f shear waves. Surface wave dispersion provides additional evidence of the anisotropy of the mantle, down to 450 km depth. P-wave anisotropy can reach 10, but is typically 3-6 Nicolas and Christensen, 1987 . The wave speed P and S is faster in the horizontal direction in the asthenosphere; this is seen from Love and Rayleigh surface-wave dispersion data Nicolas and Christensen, 1987 . Generally it is assumed that 80 to 95 of the upper mantle is made up of a mixture of olivine and orthopyroxene Nicolas and Christensen, 1987 , of which olivine is about 70 Ringwood, 1979 . These numbers are also approximately correct for the volume ratios of these minerals. Minerals like olivine and ortho-pyroxene contribute much to the seismic anisotropy, whereas clino-pyroxene and garnet do not Nicolas and Christensen, 1987 . Although clino-pyroxene has a high seismic anisotropy, as does olivine and to smaller extend ortho-pyroxene, it does not form strong LPO in the mantle. Garnet on the other hand does not have large seismic anisotropy and is thus not important in this content. Olivine Ferromagnesium olivine Mg ;Fe 2 SiO 4 is the dominant and least viscous mineral in the upper mantle and as such it is expected to be the controlling factor in the rheological behavior of the upper mantle Bai et al., 1991 . Modeling of fabric evolution in a convection cell, with olivine as the anisotropic mineral, shows broad agreement with the anisotropy inferred from seismology Dawson and Wenk, 2000 . The rst observations of anisotropy in ice sheets arose in seismic work in Antarctica and Bennett 1968 probably did the rst theoretical studies in the 1960's. Sonic velocity measurements in bore holes are the rst direct observations of the development of anisotropy i n ice sheets Bennett, 1972; Bentley, 1972 ; Kohnen and Gow, 1979 . The interpretation of sonic velocities was based on the theory of Bennett 1968 . Since then numerous thin section studies have con rmed that fabric does develop at depths in the ice sheets.
There are several possible modes of non-elastic deformation of polycrystalline ice I h : i di usion ow, ii power law creep, iii cleavage fracture Duval et al., 1983 , and iv grain boundary processes. Di usion ow should be dominant a t l o w stresses, high homologous temperature T= T m , where T m is the melting temperature and small 1 mm grain size Duval et al., 1983 . Power law creep is dominant for higher stresses and high homologous temperature. Cleavage fracturing happens only when deviatoric stresses are high and the con ning pressure low, a situation that does not apply at depths in real ice sheets. Grain boundary migration is believed to be active in accommodating large deformations Duval et al., 1983 . Grain boundary sliding is inferred for very small grain sizes a few to tens of m Goldsby and Kohlstedt, 1997 . Whether grain boundary sliding occurs seems to depend on the relative orientation of crystals Ignat and Frost, 1987 . Motion of grain boundary dislocations seems to be the main mechanism of grain boundary sliding Pshenichnyuk et al., 1998; Weiss and Schulson, 2000 . Laboratory experiments on ice, using 0.1 mm crystal sizes, have not shown any significant dependence of secondary and tertiary creep rate on crystal size Duval and LeGac, 1980; Jacka, 1984 . In the absence of recrystallization, it is necessary to activate some other slip systems in addition to the basal slip to develop large strains in polycrystalline ice. Selfconsistent modeling shows that at least 4 independent slip systems are needed. If homogeneous strain is assumed, 5 independent slip systems would be needed. But deformation on other slip systems of ice crystals requires stresses that are at least 60 times larger than that for basal slip at the same strain rate. Since the basal slip system only contributes two independent slip systems, non-basal slip or climb of dislocations must play a major role in the macroscopic behavior of polycrystalline ice.
Laboratory experiments on ice are usually done at high deviatoric stresses and temperature. Experiment have spanned a temperature range of 0 C to -50 C and octahedral stress Eq. 30 range from 0.02 to 2.5 MPa. But due to the temperature dependence and slowness of ice ow, lower temperature usually must be accompanied by high stress to get measurable deformation. In natural ice masses the temperatures can get even colder, but deviatoric stress is generally no larger than about 200 kPa.
Single ice crystals shear about 2 orders of magnitude more rapidly, on their basal planes, than does polycrystalline isotropic ice Budd and Jacka, 1989 and 3 orders of magnitude according to Duval et al. 1983 . In this Chapter I explore deformation processes, beginning at the atomic scale with di usion and dislocation glide, and show h o w these microscopic processes lead to large scale deformation. Recrystallization is also introduced. Chapter 5 Fabric Development with Nearest Neighbor Interaction and Dynamic Recrystallization" addresses many of the details.
DEFORMATION PROCESSES
At high temperature T 1 2 T m creep at signi cant strain rate occurs in response to deviatoric stress. At low stress levels, Newtonian ow results from stressdirected bulk vacancy di usion; grain boundaries act as sources and sinks of vacancies. Vacancies are created at faces under tension and migrate either through the lattice Naborro-Herring creep or along the grain boundaries Coble creep. At i n termediate to high stress levels, dislocation glide or climb controls the mechanical behavior Tsenn and Carter, 1987 .
Experiments on ductile ow of polycrystalline olivine show that dislocation glide dominates at high stress and large grain size. Whereas, at low stress and small grain size, di usion dominates Chastel et al., 1993 . Diffusion depends on crystal size, but dislocation creep does not Chastel et al., 1993 . At depths below a few kilometers, most rocks owing in steady-state deform pre-dominantly by di usion-assisted dislocation creep Tsenn and Carter, 1987 . Di usion does not produce fabric, and can even destroy preexisting fabric Karato, 1993 , but dislocation glide does produce fabric Nicolas and Christensen, 1987 . Evidence about dislocation glide comes from direct observations of xenoliths brought to the surface. Green and Radcli e 1972 used transmission electron microscopy TEM to elucidate the dislocation ow mechanism of two of the major phases of the upper mantle, olivine and orthorhombic pyroxene enstatite. They concluded that ow in the upper mantle is dominated by dislocation movement and that such o w processes are rate controlled by dislocation climb. Deformation tests on single crystals of olivine show that they deform exclusively by dislocation glide. Tests done on both dry and wet water in the structure samples, found that a factor of 2 higher stresses were needed for the dry samples relative to the wet ones at constant strain rate. The deformational weakening in olivine is considered to be the result of hydrolysis of Si-O-Mg bridges adjacent t o slip dislocations Blacic, 1972 . Observations of dislocations in ice are numerous Baker, 1997 . They show that basal screw and 60 dislocations do not cross-slip and glide on non basal planes. This is strong evidence that they are widely dissociated on the basal plane partial dislocations and that slip occurs on planes of the glide set Baker, 1997 , rather than on the shu e set Petrenko and Whitworth, 1994a . 
Di usion Creep
Di usion here refers to the movement of point defects in the crystal lattice. The point defects can be vacancies, interstitials, impurity atoms, bivacancies, Schottky and Frenkel pairs, and some others. Common to them all are the relationships between concentration, formation energy, jump rates, di usion coe cient and mobility Petrenko and Whitworth, 1994b . Di usion of these point defects can also a ect dislocation motion, which is discussed below.
At constant temperature and volume, thermal equilibrium is attained at minimum free energy F rather than minimum internal energy U, F = U , T S ; 1 where T is temperature and S the entropy. Defects increase the internal energy U, but the entropy S increases more rapidly, so a minimum F is attained at some nite concentration of defects. To examine this a little further, consider a lattice of N identical points atoms, molecules. Formation of n defects each has energy of formation E f with equal probability of forming at any one point in the lattice has a free energy
where S c is the con gurational entropy S c = k B ln W, and W is the number of possible arrangements of n defects over N sites W = N! n!N , n! :
3 At equilibrium, F= n = 0, using the Stirling formula ln N! = N ln N ,N for N 1, we get using Equation
Assuming that E f k B T, w e get n ' N exp , Ef kBT .
Typical values for ice are E f 0:5eV and k B T 0:023eV at ,10 C Petrenko and Whitworth, 1994b .
To b e v ery careful one must account for changes in vibrational entropy S f , because of a slight c hange in the elastic lattice vibration spectrum, which gives
The equilibrium positions of point defects in the lattice are separated by potential barriers of height U m , and motion occurs by thermally activated hops over these barriers Petrenko and Whitworth, 1994b . Now consider the motion of an electrically charged defect, of charge q, that will be called an ion in the following. To m o ve a n i n ter-atomic distance a in the direction of the eld E, a positive ion would need an activation energy U m , qEa=2, and against the eld, U m + qaE=2. The frequency of jumps along the eld is
and similarly for jumps against the eld f 2 , but with a change in sign for the charge term. is related to the frequency of oscillations of the ion in its potential well.
The mean drift velocity i s
Since usually qEa 2k B T one nds
The probability of jumping, or the mean number of jumps in a given direction per second, is then h = 1 2 exp , U m k B T ; 9 and the di usion coe cient of the ion is D = h a 2 . F or chaotic thermal motion of this kind, the ion mobility vd E and the di usion coe cient D are always related by the Einstein relation D = jqj k B T so that Petrenko and Whitworth, 1994b 
This relation holds for neutral as well as charged defects since neither q nor E appears in Equation 10. Now consider a cube, with sides of length d, subjected to a normal compressive stress on a pair of faces and to normal tensile stresses on the four other faces, as shown in Figure 1 . The compressive normal stress hinders the formation of vacancies while the tensile stress facilitates it. The formation energy of vacancies is therefore increased by V=kT on the faces in Herring. Vacancies ow from the faces in tension concentration C + to the faces in compression concentration C , C + and matter atoms ows in the opposite direction. compression and decreased by the same amount on the faces in tension, where V is the atomic volume Poirier, 1991 . The equilibrium concentrations of vacancies on the faces in compression and tension are,
There is a ow of atoms from the tensile to the compressed faces, and an opposite ow o f v acancies. The ux of atoms is given bỹ
where D v is the di usion coe cient o f v acancies and is a geometrical factor. In a unit time Jd 2 atoms leave the faces in compression and are added to the faces in tension; thus the crystal shortens by d and widens by the same amount. Since d = Jd 2 V= d 2 = JV, the strain rate is _ " = d=d = JV=d. T aking everything together we get
Using the coe cient of self di usion
For ice the di usion of molecules through the crystal or along its boundaries causes a strain rate that can be expressed as _ " = 20 kTd 2
where is the molecular volume, is the boundary thickness, d is the crystal size and D v and D b are the lattice and boundary di usion coe cients respectively Duval et al., 1983 . This can be simpli ed by writing the di usion coe cients as
where Q is the activation energy for di usion. At temperatures T 0:8T M , lattice di usion dominates, while boundary di usion is more important a t l o wer temperatures Duval et al., 1983 . The activation energy Q for lattice di usion in ice is large compared to most other materials. This results in slower di usion processes in ice, at a given fraction of the melting point, than in other materials. According to Duval 
Dislocation Glide
Dislocations are line defects, bounding an area within the crystal where slip by a n i n ter atomic distance jbj, where b is the Burgers vector, has taken place Poirier, 1991 . The case when the Burgers vector is parallel to the dislocation is called a screw dislocation, and when b is perpendicular to the dislocation is called an edge dislocation Lliboutry, 1987, p. 69 . The motion of dislocations on a slip plane is called glide Petrenko and Whitworth, 1994a . Figure 2 illustrates slip by dislocation glide, modi ed from Poirier 1991 . The density of mobile dislocation is given by = length of dislocation lines volume which has units of 1 area. When the dislocations move a n a verage distance L, the shear strain is " = bL and the strain rate is _ " = bv; 17 where v is the average dislocation velocity. Equation 17 is called Orowan's equation.
The mean velocity is controlled by the nature and distribution of obstacles. The principal obstacle lies in the intrinsic di culty in breaking atomic bonds Poirier, 1991 and is called lattice friction. If there are only discrete obstacles, with spacing L, then the average velocity will be given by v = L t g + t o ; 18
where t g is the average time gliding over distance L between obstacles and t 0 is the time overcoming the obstacles. If t g t o then v = L=t o . Edge dislocations can overcome obstacles by m o ving out of their where is the distance to climb to escape obstacle, v c is the climb v elocity. T h us we get, with 2 and v c _ " = A exp , Q RT 3 ; 20 where Q is the activation energy for creep Tsenn and Carter, 1987 . For ice, the stress exponent is approximately 3, at least over the deviatoric stress range 0:1 MPa 0:5 M P a in ice Duval et al., 1983 . The lower bound is poorly constrained since experiments at such l o w stress are subject to great uncertainty.
DYNAMIC RECRYSTALLIZATION
Dynamic recrystallization can be de ned as a solidstate process leading to the creation of a new and usually di erent grain structure in the course of plastic deformation of crystalline solids. The di erences between the initial and re-crystallized structures can reside in one or several of the following features: preferred orientations of the grains petrofabric, misorientation between adjacent grains, and grain size and shape. Dynamic recrystallization, as opposed to static annealing recrystallization, occurs simultaneously with deformation under certain conditions of stress, strain, temperature, and purity, and the same microscopic processes that cause or control deformation are also responsible for dynamic recrystallization Guillope and Poirier, 1979 . Recrystallization in materials involves the growth of new, relatively strain-free grains neoblasts from old strained grains, thereby l o wering the strain energy of the aggregate Ross et al., 1980 . At least two possible mechanisms are known for dynamic recrystallization. One is the grain-boundary and sub-boundary bulge nucleation type. The other, progressive sub-grain rotation may be important in relatively low stress and low temperature regimes.
Polygonization results when a pre-existing grain is split into two or more new grains with similar orientations through the alignment of dislocations into lowangle grain boundaries Alley et al., 1995 . Dynamic recrystallization and deformation appear to produce qualitatively similar textures in olivine, although there are some di erences Chastel et al., 1993 . In experiments on single-crystalline halite temperature range 250 to 790 C and stress 0.15 to 12 MPa, Guillope and Poirier 1979 found that recrystallization occurs by t wo di erent mechanisms. At l o wer temperatures and stresses the new grains result from the rotation of sub-grains, without grain boundary migration rotation recrystallization or polygonization, and at higher temperatures and stresses the nal texture results from the migration of the high-angle grain boundaries of the rotated sub-grains migration recrystallization or just recrystallization Alley, 1992 . If di erent parts of a grain are subjected to di erent stress states almost always the case, then the grain can become bent o r t wisted. Dislocations tend to organize between relatively undeformed regions called subgrains to form sub-grain boundaries that relieve this bending or twisting and lower the energy of the system. If a sub-grain boundary becomes su ciently strong, or a sub-grain becomes su ciently rotated, then the boundary becomes a full grain boundary Alley, 1992 . Recrystallization is the production of new grains at high angles to their neighbors. The new grains typically nucleate from existing grain or sub-grain boundaries separating regions with di erent stored strain energy, with the boundary bowing out toward the more strained side. The stored strain energy in the region ahead of the migrating boundary must be large enough to overcome the increase in grain-boundary energy caused by this bowing out of the boundary Alley, 1992 . This is discussed in more detail in Chapter 5.
The free energy di erence P n , associated with the boundary energy is P n = 2 gb r ; 21 where r is the radius of the bulge and gb is the grain boundary energy. If r = 100 m and gb = 0 :06 J m ,2 , then P n = 1 0 3 J m ,3 . This much energy can be available only if there are peaks in the internal stress distribution, as discussed below.
The elastic energy per unit volume is P el = 1 2 2 E ; 22 where E is Young's modulus. With = 0 :5 M P a and E = 9 G P a, the elastic energy is about 1 J m ,3 . This is approximately 0.1 of the energy needed to drive recrystallization. The energy associated with a steady state dislocation density = 9 2 s Gb ,2 , where G is the shear modulus, s is shear stress, and b is the magnitude of the Burgers vector is P dis = Gb 2 2 = 9 2 2 s G ' 4 2 s E = 8 1 2 2 s E : 23 This is 8 times the elastic energy, that is only about 1 of what is needed to drive dynamic recrystallization De La Chapelle et al., 1998 . In Chapter 5, I show that, with non-homogeneous distribution of stress and strain, the dislocation density in the fastest deforming crystals increases very rapidly, so that the energy needed for recrystallization is obtained at a small bulk strain.
ICE DEFORMATION Single Crystals of Ice
At temperatures below 263K, the constitutive relation for single ice crystals has a di erent stress sensitivity exponent, n = 2, than the n = 3 for polycrystals. The activation energy is also smaller, E c = 6 3 k J mol ,1 , compared to E c = 80 kJ mol ,1 for polycrystals. Non-basal slip is extremely di cult to measure. In experiments where stress on non-basal planes is up to 60 times larger than on the basal plane, all the deformation still happens by glide slip on the basal plane Duval et al., 1983 . 
Polycrystalline Ice
To deform polycrystalline ice to large strains, slip systems other than the basal plane, 0001 1120 , where 0001 denotes the basal plane using Miller indices and 1120 the direction Hook and Hall, 1991 , must be activated because at least 4 independent slip systems are required. Glide on the basal plane gives two independent slip systems. Other possible slip systems could in principle be the prismatic 1010 1120 , witch adds two independent slip systems, and the pyramidal 1122 1123 , which adds one new independent slip system. Slip on the pyramidal slip system is not observed Fukuda et al., 1987 and the prismatic slip system is at least 60 times harder than the basal slip Duval et al., 1983 . Another possibility is that shear on the basal plane generates dislocations which then climb on planes perpendicular to the basal plane, giving two more independent systems, to give polycrystalline plasticity Duval et al., 1983 . Climb of 0001 or 1 3 1123 dislocations on the basal plane, is in fact what Fukuda et al., 1987 propose as the third deformation mechanism for ice, in addition to basal slip and climb of dislocations on prism planes. By this mechanism, the ice crystals deform under uniaxial loading parallel to c-axis a t a l o w rate limited by di usion processes, but about million times faster than by Nabarro-Herring di usion creep Fukuda et al., 1987 . Liu et al. plane, and that loops expanding on this plane take u p a hexagonal form made up of screw and 60 segments. They also concluded that screw segments cannot crossglide on non-basal planes, but edge dislocations can glide easily on non-basal planes containing their Burgers vector. That plays an important role in deformation of ice since it provides the principal mechanism for the generation and multiplication of the dislocation which subsequently move on the basal planes and produce macroscopic basal slip Baker, 1997 . Using in situ synchrotron X-ray topography Liu et al. 1995 propose that grain boundaries are the dominant mechanism for dislocation nucleation, and that internal stresses result in basal plane glide deformation of crystals with no resolved shear stress on the basal plane. Perfect dislocations on the basal plane can be dissociated to partial dislocations by 1 3 1120 ! 1 3 1010 + 1 3 0110 . Figure 3 shows how a dislocation with Burgers vector b = b 1 + b 2 along a crystal axis can dissociate into two partials. The leading partial dislocation b 1 is not a lattice vector, and therefore places the atoms behind it in positions not allowed by the crystal structure. A planar defect, called a stacking fault, is thus created behind it. But the fault ends at the trailing partial dislocation b 2 , which restores the atoms to normal lattice positions. Because stacking faults are regions of atomic mismatch, they have an energy per unit area, the stacking fault energy, that e ectively binds the partial dislocations together Barber, 1985 . The total energy of a dislocation per unit length can be approximated by E = Kb 2 4 ln r r 0 ; 24
where K is a constant i n volving the rigidity and Poisson's ratio, b is the length of the Burgers vector, r 0 is the dislocation core cuto radius and r is the average distance between dislocations Fukuda et al., 1987 . It can then be shown that the dissociation of dislocations in the basal plane, into partial dislocations p 1 and p 2 , lowers the energy of the dislocation structure, that is E E p1 + E p2 . In order to glide, dislocations must overcome the barriers presented by proton disorder. For basal slip it is already known that proton disorder will prevent dislocation motion on planes of the shu e set Whitworth, 1983 . The rate controlling process for basal glide is considered to be proton rearrangement, as rst pointed out by Glen in 1968 Fukuda et al., 1987 . The Creep Curve o f P olycrystalline Ice I h The creep curve of ice has four distinct regimes. Following loading, rst there is initial instantaneous elastic impulse strain, which is fully recoverable. Then there is primary creep, with decreasing strain rate that occurs up to strains of about 1. The primary creep is largely anelastic; it has time dependent recoverable strain if the load is removed. When the strain reaches about 10 ice is in the tertiary creep regime, which is irrecoverable viscous creep Budd and Jacka, 1989 . In fact, almost all the creep beyond 1 is irrecoverable. Between primary and tertiary creep there is secondary creep, where ice reaches a minimumstrain rate. The minimum strain rate _ " min is achieved at octahedral strains of 0.5 to 2, usually close to 1 Hooke et al., 1980 . The exact value may depend on the stress applied, although the experiments are inconclusive.
In constant stress experiments, the initial instantaneous elastic impulse strain increases approximately linearly with stress from strain of 0.024 at 0.2 MPa t o 0.3 at 2.5 MPa Budd and Jacka, 1989 . Secondary creep is not truly a steady state, but rather a transition from strain hardening to strain softening.
The secondary creep constant, B, depends on temperature with an activation energy E c which is slightly larger than the activation energy for self-di usion. B can be written as
where B 0 is a constant.
There is some evidence that the rate controlling process during secondary creep is the di usion-controlled climb of dislocations on planes normal to the basal plane. Then the slow creep of ice could have its origin in the unusually, compared to most other materials, slow rates of di usion, discussed above.
At temperatures larger than -10 C the activation energy, E c , c hanges. The reason for this change is not known, but the grain boundary mobility also increases at this temperature. A possible explanation for both may be grain boundary melting Duval et al., 1983 . After the minimum strain rate is reached at about 1 strain, the creep accelerates to tertiary creep. The acceleration is often thought to be due to changes in fabrics van der Veen and Whillans, 1994 , but others believe that 1 strain is far too small for signi cant changes to occur Duval et al., 1983 . Intrinsic softening of the individual crystals by dislocation multiplication has also often been suggested Hooke et al., 1980 . An alternative explanation is that internal cracks nucleate, increasing the stress on uncracked grains thus accelerating the creep rate Duval et al., 1983 . This has been seen in some experiments. However, careful tests at di erent stress levels in uni-axial compression suggest that this may not be the complete explanation, because some samples are crack free, while others crack a t v ery low strains, " 10 ,2 , even though all tests show a minimum creep rate at 1 strain. Thus cracking cannot be the sole explanation. One possible mechanism to avoid this controversy is dynamic recrystallization, if it causes a major reorientation of certain grains. Dynamic recrystallization is known to happen at " 1, even in single crystals of ice, because dynamic recrystallization induces the development of preferred c-axis orientation, thus it can explain the acceleration of creep.
Flow L a w for Ice Glen's ow l a w An isotropic relationship between two second order tensors can generally be written in the form _ " ij = A 1 ; 2 ; 3 ij +B 1 ; 2 ; 3 ij +C 1 ; 2 ; 3 ik kj ; 26 where _ " ij is strain rate, ij stress and the i 's and E i 's are the invariants of the stress and strain rate tensors see Section . In order to simplify this expression for use in an ice ow l a w it is assumed that density d o e s not vary the material is incompressible, that is E 1 = _ " ii = 0. Also because the material is not a ected by hydrostatic pressure, it is standard to use the stress deviator ' denotes deviatoric stress, 0 ij = ij , 1 3 1 .
This assumption means that 0 1 = 0 .
Then we can write _ " ij = , 2 3 0 2 C 0 2 ; 0 3 ij +B 0 2 ; 0 3 0 ij +C 0 2 ; 0 3 0 ik 0 kj ; 27 Further simpli cations follows from the assumption Nye, 1957 of proportionality of strain rate components and stress deviator components, and the assumption that the second invariant of the strain rate tensor is a function of 0 2 only. If this is so, the equation reduces to _ " ij = B 0 2 0 ij ; 28 which is Glen's ow l a w.
Anisotropic o w l a ws There are two extreme assumptions that can be made when modeling the deformation of anisotropic aggregates. One is to assume homogeneous strain, the other is to assume homogeneous stress. The former ensures strain compatibility, but stresses are discontinuous, while the latter ensures stress continuity, but overlaps and voids can form. The homogeneous strain assumption demands at least 4 active slip systems from Visco Plastic Self Consistent modeling, von Mieses criterion requires 5, but ice has only two. Modeling shows that fabric evolution using the homogeneous strain assumption is much slower than observed, while the homogeneous stress assumption leads to unrealistically rapid fabric evolution. The homogeneous stress assumption is more plausible for ice, since grain boundary migration is expected to relieve m uch o f the incompatibilities and ice has very few slip systems. These approaches are discussed in Chapter 5.
DEFINITIONS
There are several de nitions for the invariants of stress and strain. The invariants of the stress tensor, and similar ones for strain, are 1 = ii ; 2 = 1 2 ij ij ; 3 = 1 3 ij jk ki :
29
In laboratory experiments octahedral strain and stress are often used. Octahedral strain rate and stress are de ned as _ " 2 o = 1 3 _ " ij _ " ij ; 2 o = 1 3 ij ij : 30
Equivalent stress and strain rate is also commonly used 2 eq = 3 2 ij ij ; _ " 2 eq = 2 3 _ " kl _ " kl : 31
There is also e ective stress and strain 2 e = 1 2 kl kl ; _ " 2 e = 1 2 _ " kl _ " kl : 32
